Vasopressin stimulated gluconeogenesis from proline in hepatocytes from starved rats; this was attributed to an activation of oxoglutarate dehydrogenase (EC 1.2.4.2) [Staddon & McGivan (1984) Biochem. J. 217,[477][478][479][480][481][482][483]. The role of Ca2+ in the activation mechanism was investigated. (1) In the absence of extracellular Ca2 , vasopressin caused a stimulation of gluconeogenesis and a decrease in cell oxoglutarate content that were markedly transient when compared with the effects in the presence of Ca2+. (2) Ca2+ added to cells stimulated for 2min by vasopressin in the absence of extracellular Ca2+ sustained the initial effects of vasopressin. Ca2+ added 15 min after vasopressin, a time at which both the rate of gluconeogenesis and the cell oxoglutarate content were close to the control values, caused a stimulation of gluconeogenesis and a decrease in cell oxoglutarate content. (3) Under conditions of cell-Ca2+ depletion, vasopressin had no effect on gluconeogenesis or cell oxoglutarate content. (4) lonophore A23187 stimulated gluconeogenesis and caused a decrease in cell oxoglutarate content, but the phorbol ester 4/-phorbol 12-myristate 13-acetate had no effects. (5) These data suggest that the initial activation of oxoglutarate dehydrogenase by vasopressin is dependent on an intracellular Ca2+ pool and independent of extracellular Ca2+. For activation of a greater duration, a requirement for extracellular Ca2+ occurs. The activation of oxoglutarate dehydrogenase by A23187 is consistent with a mechanism involving Ca2+, but the lack of effect of 4,Bphorbol 12-myristate 13-acetate indicates that protein kinase C is not involved in the mechanism of activation by vasopressin.
Vasopressin, in addition to its antidiuretic and pressor actions, has potent effects on hepatic intermediary metabolism (for review, see Williamson et al., 1981) , and the molecular mechanisms by which vasopressin causes these metabolic effects are being extensively studied. The stimulation of glycogenolysis by vasopressin is particularly well understood. Vasopressin in liver does not use cyclic AMP as a second messenger (Kirk & Hems, 1974) , but the hormone does cause an increase in cytosolic [Ca2+] , and this causes activation of phosphorylase b kinase and hence phosphorylation and activation of phosphorylase (see Charest et al., 1983) .
Other aspects of the mechanism of vasopressin action in liver are not so well understood as its stimulation of glycogenolysis. Gluconeogenesis Abbreviation used: PMA, 4#-phorbol 12-myristate 13-acetate. from proline in hepatocytes from starved rats was stimulated by vasopressin, and this stimulation is attributed in part to an activation of a mitochondrial enzyme, oxoglutarate dehydrogenase (Staddon & McGivan, 1984; see also Palmer et al., 1983) . The McCormack & Denton, 1979) . The multitude of mechanisms by which enzyme activity can be increased in vitro obviously implies that there are several possible mechanisms by which vasopressin could activate oxoglutarate dehydrogenase in the intact cell.
The mitochondrial enzymes pyruvate dehydrogenase and NAD+-isocitrate dehydrogenase have some regulatory properties that are similar to those of oxoglutarate dehydrogenase. In particular, all Vol. 225 three can be activated by increases in [Ca2+] within the same concentration range (Denton et al., 1972 McCormack & Denton, 1979) . have proposed that these enzymes may be activated by hormones which increase cytosolic [Ca2+ ] . Strong evidence in support of this has been obtained from studies on isolated rat heart mitochondria and intact perfused rat heart Hansford, 1981; McCormack & England, 1983; McCormack & Denton, 1984) . In the liver hormones, such as phenylephrine and vasopressin, which increase cytosolic [Ca2+] (Charest et al., 1983 ) have a number of effects in addition to the activation of oxoglutarate dehydrogenase which are compatible with an increase in intramitochondrial free Ca2 . These include the activation of pyruvate dehydrogenase (Hems et al., 1978; AssimacoupolosJeannet et al., 1983) and increased 14CO2 production from [1-14C]oleate (Sugden et al., 1980a,b,c) , [1-14C] butyrate and [U-'4C]proline (Palmer et al., 1983) . These effects are much diminished in Ca2+-depleted cells.
In the present paper the Ca2+-dependence of the vasopressin-induced activation of oxoglutarate dehydrogenase in hepatocytes has been investigated in detail. Data are presented that indicate that the initial activation by vasopressin is independent of extracellular Ca2+ but dependent on an intracellular Ca2+ pool, but extracellular Ca2+ is required for full expression of the hormone-induced activation.
Experimental Hepatocyte preparation, incubation and sampling
Hepatocytes were isolated from 200-300g 24h-starved male Wistar rats by a modification (Krebs et al., 1974) of the Berry & Friend (1969) method. The cells were incubated in bicarbonate-buffered saline (Krebs & Henseleit, 1932) containing 2% (w/v) dialysed bovine serum albumin (fraction V); 2.5mM-CaCl2 was present or replaced with either 0.1mM-or 0.5mM-EGTA (Na+ salt, pH7.4) as indicated. All incubations were at 37°C in sealed plastic flasks containing an atmosphere of CO2/02 (1: 19). The cells (8-12mg of cell protein/ml) were kept in suspension by rotatory shaking. For timecourse experiments, 7ml of cell suspension was preincubated with 5mM-proline in a 50ml flask for 25min, then 0.6ml of cell suspension was added to 0.06 ml of 35% (w/v) HC104. Additions were made as required to the remaining cells and subsequently samples were taken at the indicated times. The samples were vortex-mixed and then centrifuged (100OOg for 2min); the supernatant was removed and adjusted to approx. pH7 by addition of 3M-KOH containing 0.25 M-Mops. After cooling on ice and centrifugation (lOOOOg for 2min), the supernatant was used for metabolite assays.
Metabolite assays
Protein was determined by a biuret method (Gornall et al., 1949) , with bovine serum albumin as standard. Oxoglutarate was determined enzymically by the method of Bergmeyer & Bernt (1965) . Glucose was determined essentially as described by Slein (1965) , except that NAD+ was used in conjunction with NAD(P)+-specific glucose-6-phosphate dehydrogenase.
Expression of results
Values The rate of gluconeogenesis from proline in hepatocytes from starved rats may be used to measure flux through oxoglutarate dehydrogenase (Staddon & McGivan, 1984) . The data of Hensgens et al. (1978) substantiate the assumption that oxoglutarate formed from proline is exclusively converted into glucose. In addition, the ratio of urea to glucose formed from proline under several hormonal conditions was close to the expected value of 1 (Staddon & McGivan, 1984) . Gluconeogenesis from glutamine similarly involves flux through oxoglutarate dehydrogenase, and the stoichiometry of this conversion (Joseph & McGivan, 1978; Baverel & Lund, 1979 ) also corroborates the assumption that oxoglutarate is quantitatively metabolized to glucose. Increased flux through a non-equilibrium enzyme coincident with a decrease in its substrate concentration indicates activation of that enzyme. The measurement of the cell oxoglutarate content under conditions of increased oxoglutarate dehydrogenase flux may indi-cate enzyme activation (see Staddon & McGivan, 1984) .
In the absence of extracellular Ca2+, the stimulation of gluconeogenesis from proline by vasopressin as measured over a 30 min interval was considerably decreased when compared with the stimulation in the presence of Ca2+ (Staddon & McGivan, 1984) . A time course of the effect of vasopressin on gluconeogenesis under these conditions shows that the stimulation of gluconeogenesis was transient (Fig. la) . Glucose 6.3 + 0.6nmol/mg for control cells and 10.0+ 1.2 (59% stimulation) in the presence of 15nM-vasopressin (n = 6, P<0.01). For the 5-30min interval after hormone addition the glucose formed was 26.4 + 1.4nmol/mg for control cells, and this was not significantly different from that in the presence of 15nM-vasopressin [24.8+1.6 (n = 4)].
In the presence of 2.5mM-Ca2 , the glucose formed during the first 5min after hormone addition was 8.3 + 0.9 nmol/mg for control cells and 15.4 + 1.4 (86% stimulation) in the presence of 15nM-vasopressin (n =6, P<0.001). (Fig. lb) , which is similar to that observed in the presence of Ca2+ (see Staddon & McGivan, 1984) . In the absence of extracellular Ca2+, the cell oxoglutarate content 2min after vasopressin addition was 3.93 + 0.31 nmol/mg for control cells and 2.69+0.30 in the presence of hormone (n =7, P < 0.001). In the presence of Ca2+ the corresponding values for control and vasopressin-treated cells were 3.55 + 0.52 and 1.59 + 0.37 (n = 4, PS 0.001).
After 30min in the presence of vasopressin, but in the absence of extracellular Ca2+ (Fig. Ib) Vasopressin had no effect on either the rate of gluconeogenesis from 5 mM-proline or the cell oxoglutarate content in hepatocytes preincubated for 25min in saline containing 0.5mM-EGTA and no added CaCl2 (results not shown; experiments were carried out over the same time course as depicted in Fig. 1 ). The rate of gluconeogenesis under these conditions was approximately half that in the presence of 2.5mM-CaCl2. These incubation conditions are expected to deplete intracellular Ca2+ stores, which suggests that the rapid initial activation of oxoglutarate dehydrogenase by vasopressin is dependent on such stores. This interpretation is equivocal, as the decreased rate of gluconeogenesis caused by 0.5mM-EGTA indicates an impairment of cell metabolism. However, it was reported that hepatocytes responded to vasopressin under similar conditions in that increased inositol lipid turnover was still observed (Thomas et al., 1983) .
Effects of adding Ca2+ on oxoglutarate dehydrogenase in cells initially stimulated with vasopressin in the absence of extracellular Ca2+
To investigate further the role of extracellular Ca2+ in the activation of oxoglutarate dehydrogenase by vasopressin, the effects of adding CaCl2 to cells preincubated in the absence of extracellular CaCl2 were studied. CaCl2 added 2min after vasopressin prevented both the stimulated rate of gluconeogenesis from returning to the control rate and the decreased cell oxoglutarate content from rapidly returning to control values (Figs. 2a and  2b) . No readily discernible effects of CaCl2 addition were observed on control cells. These observations indicate that the addition of extracellular Ca2+ 2min after vasopressin prevents the subsequent return to control activity of oxoglutarate dehydrogenase after its initial activation.
When CaCl2 was added 15 min after vasopressin in the absence of extracellular Ca2+, a time at which both the cell oxoglutarate content and the rate of gluconeogenesis were similar to the control values, a rapid decrease in cell oxoglutarate content was observed and gluconeogenesis was stimulated ( Figs. 3a and 3b ). Glucose formed in the 15 min after the addition of CaCl2 was 20.7 + 2.5 nmol/mg in the control cells and 29.5 + 2.8 (43% stimulation) in the presence of 15 nM-vasopressin (n = 4, PS 0.01). This is consistent with an activation of mitochondrial oxoglutarate dehydrogenase by the addition of extracellular Ca2+. This apparent requirement by vasopressin for extracellular Ca2+ for oxoglutarate dehydrogenase activation must exist as early as 2 min, and last for at least 15 min after vasopressin addition. Effects of A23187 and PMA on oxoglutarate dehydrogenase
Considerable evidence indicates that a bifurcated transducing mechanism is involved in the action of Ca2+-mobilizing hormones (for review see Berridge, 1984) . At least two messengers appear to be generated, namely increased cytosolic [Ca2+] and diacylglycerol, which activates protein kinase C (Takai et al., 1979; Kishimoto et al., 1980) . Putative molecular dissectors of the two branches of the transducing mechanism are avail- Time (mm) Fig. 3 . Effects of adding 2.5 mm-CaCl2 15min after vasopressin to hepatocytes initially incubated in the absence of extracellular CaCl2 (see legend to Fig. 1 in combination the effects of vasopressin were mimicked, and it was surmised that Ca2+ and diacylglycerol may be the messengers responsible for the hormone effects (Garrison et al., 1984) . A23187 caused a dose-dependent stimulation of gluconeogenesis from proline (net formation of Table 1 . A23187 titration of the stimulation of gluconeogenesis Jrom 5 mM-proline
The incubation procedure was as follows. Hepatocyte suspension (7ml) was preincubated in 50ml plastic flasks for 25min with 5mM-proline, 0.5ml was removed for assay, and then samples (1 ml) of the remaining cells were added to 2.5p1 of dimethyl sulphoxide or the required concentration of A23187 in dimethyl sulphoxide in 25 ml plastic flasks, and a sample taken for assay 30 min later. Glucose formation is expressed as the amount formed in the 30 min interval between sampling. Values given are means +S.E.M. for the numbers of independent cell preparations indicated in parentheses. Statistical significance of the results with respect to the control was determined by Student's t test; *P<0.01, **PI<0.001. (Table 1) ; 5 /M-A23187 was the optimal concentration tested. The ionophore solvent dimethyl sulphoxide, at concentrations (up to 0.25%, v/v) used had no effect on gluconeogenesis (results not shown). The time course of the stimulation of gluconeogenesis caused by 5 gM-A23187 is shown in Fig. 4(a) . The stimulation was rapid and sustained for at least 30min, and 5 uM-A23187 also caused a rapid and large sustained decrease in cell oxoglutarate content (Fig. 4b) . These results indicate that A23187 caused an activation of oxoglutarate dehydrogenase and are consistent with a mechanism of activation involving Ca2 . A23187 is an ionophore capable of bivalentcation exchange, but can also exchange cations for protons, and hence it is capable of acting as a mitochondrial uncoupler (Reed & Lardy, 1972) . The effects of A23187 on oxoglutarate dehydrogenase must be interpreted with care because of the complex actions of the ionophore. Mitochondrial uncouplers can stimulate gluconeogenesis from proline (Hensgens et al., 1978) and hence the effects of A23187 may not be entirely due to its action as a Ca2+ ionophore. A23187 has been reported to cause a decrease in the ATP content of perfused liver (Friedmann et al., 1979) . PMA used at 1 or 5 Mg/ml had no effect either on gluconeogenesis from proline, measured over a 30min interval, or on the cell content of oxoglutarate measured 30min after PMA addition (results not shown). This negative result, assuming that under the conditions of the experiment protein Vol. 225 kinase C was activated, suggests th, kinase C is not involved in the activati glutarate dehydrogenase by vasopressin et al. (1984) in their studies on prol phorylation used a concentration of P1 to that used in our study.
Discussion
The results presented in this paper ind for full expression of oxoglutarate dehy activation by vasopressin, there is a rei for both intracellular and extracellulai Ca24. It is noteworthy that full acti hepatic phosphorylase by a-adrenergii also requires both intracellular and extracellular Ca2+ pools (Reinhart et al., 1984b) . However, from the data presented it cannot be inferred whether the effect of Ca2+ on the enzyme is direct or indirect. It has been proposed that an increase in mitochondrial free [Ca2+] as a consequence of an increase in cytosolic [Ca2+] , such as that caused by vasopressin in liver (Charest et al., 1983) , may be responsible for the hormonally induced activation of certain mitochondrial dehydrogenases. Reports of direct measurement of the effect of vasopressin on liver mitochondrial total Ca2+ are conflicting. Both an increase (Shears & Kirk, 1984) and a de-30 crease have been reported (Exton, 1981) . No doubt these discrepant results are due to the considerable methodological problems involved in such determinations (Reinhart et al., 1984a) .
It was shown by Berthon et al. (1984) that in the presence of extracellular Ca2+ vasopressin caused an increase in cytosolic [Ca2+] that was sustained for several minutes. Even in the presence of extracellular Ca2+ the activation of oxoglutarate dehydrogenase by vasopressin was not sustained to the extent that it was initially (Staddon & McGivan, 1984) , and it would be of interest to establish if a decline in cytosolic [Ca2+] from its stimulated peak was responsible. Berthon et al. (1984) (Joseph et al., 1984) and an inthe preincreased plasma-membrane influx of Ca2+ (Berthon ve experiet al., 1984 In summary, results have been presented indicating that the activation of hepatic oxoglutarate dehydrogenase by vasopressin was dependent on intracellular and extracellular pools of Ca2+. The enzyme was rapidly activated independently of the extracellular pool, but this activation was transient. The presence of extracellular Ca2+ sustained the initial activation.
